-Pheochromocytomas in patients with von Hippel-Lindau (VHL) syndrome and multiple endocrine neoplasia type 2 (MEN 2) differ in the types and amounts of catecholamines produced and the resulting signs and symptoms. We hypothesized the presence of different processes of catecholamine release reflecting differential expression of components of the regulated secretory pathway among the two types of hereditary tumors. Differences in catecholamine secretion from tumors in patients with VHL syndrome (n ϭ 47) and MEN 2 (n ϭ 32) were examined using measurements of catecholamines in tumor tissue, urine, and plasma, the last of which was under baseline conditions in all subjects and in a subgroup of patients who received intravenous glucagon to provoke catecholamine release. Microarray and proteomics analyses, quantitative PCR, and Western blotting were used to assess expression of tumor tissue secretory pathway components. The rate constant for baseline catecholamine secretion was 20-fold higher in VHL than in MEN 2 tumors (0.359 Ϯ 0.094 vs. 0.018 Ϯ 0.009 day
), but catecholamine release was responsive only to glucagon in MEN 2 tumors. Compared with tumors from MEN 2 patients, those from VHL patients were characterized by reduced expression of numerous components of the regulated secretory pathway (e.g., SNAP25, syntaxin, rabphilin 3A, annexin A7, calcium-dependent secretion activator). The mutation-dependent differences in expression of secretory pathway components indicate a more mature regulated secretory pathway in MEN 2 than VHL tumors. These data provide a unique mechanistic link to explain how variations in the molecular machinery governing exocytosis may contribute to clinical differences in the secretion of neurotransmitters or hormones and the subsequent presentation of a disease. secretion; exocytosis; von Hippel-Lindau; multiple endocrine neoplasia type 2 THE CLINICAL MANIFESTATIONS OF PHEOCHROMOCYTOMA are diverse and highly variable (30, 35) . The basis for this variability is only now becoming understood. In particular, with increasing recognition of the importance of hereditary influences on the development of pheochromocytomas it is now becoming apparent that differences in the underlying mutation can have a profound impact on the clinical presentation of tumors. Such influences include mutation-dependent effects on tumor location, propensity for malignancy, types of catecholamines produced, and resulting signs and symptoms (2, 10, 33) . Patients with multiple endocrine neoplasia type 2 (MEN 2), a neoplastic syndrome due to mutations of the RET proto-oncogene, develop pheochromocytomas that produce epinephrine (20) . In contrast, those due to mutations of the von Hippel-Lindau (VHL) tumor suppressor gene produce mainly norepinephrine and very little epinephrine, a consequence of lack of expression of phenylethanolamine N-methyltransferase, the enzyme that converts norepinephrine to epinephrine (21) . The more symptomatic presentation and paroxysmal nature of the hypertension in patients with the former than the latter tumors has been linked to differences in the types of catecholamines produced but could also reflect differences in the nature of their secretion.
Exocytotic secretion of vesicular contents can occur by regulated and constitutive secretory pathways. Regulated secretion is a calcium-dependent exocytotic process responsive to neural input or secretogogues and the principle mechanism responsible for controlled release of neurotransmitters and hormones, including catecholamines (4, 11, 37) . Constitutive secretion is an exocytotic process that is relatively insensitive to changes in calcium and is responsible for transport of proteins and other macromolecules to the plasma membrane and extracellular environment (11) ; it is a ubiquitous cellular pathway that in neurons and endocrine cells may also contribute to basal release of neurotransmitters and hormones (9, 32) .
Although secretion of catecholamines from pheochromocytomas occurs autonomously without regulatory input from the central nervous system, the process nevertheless depends in part on calcium-dependent secretory pathways responsive to secretogogues such as histamine and glucagon (1, 12, 24, 31) . Alterations in the modulatory components of the exocytotic machinery may contribute to indiscriminate calcium-dependent or calcium-independent secretion and resulting variations among tumors in the nature of catecholamine secretion and resulting signs and symptoms.
This study examined the hypothesis that pheochromocytomas in MEN 2 and VHL patients differ in the nature of catecholamine secretion, reflecting differences in expression of secretory pathway components. Catecholamine secretion was assessed from measurements of catecholamines in plasma and urine normalized to differences in tumor volume and catecholamine contents to provide estimates of rate constants for secretion into plasma and excretion into urine. Responses of plasma catecholamines to the secretogogue glucagon were examined to assess functional responsiveness of the catecholamine secretory process. Differential expression of components of the regulated secretory pathway was explored utilizing a database generated from previously published cDNA and oligonucleotide microarray studies of gene expression profiles in hereditary pheochromocytomas (6, 19) . The database also included results from proteomics analyses employing capillary isoelectric focusing of enzyme-digested protein peptide fragments, nanoreverse-phase liquid chromatography, with identification of proteins from chromatographic eluants using electrospray ionization-tandem mass spectrometry (38) . Relevant secretory pathway components identified from this database that showed differential expression between VHL and MEN 2 tumors were further validated using a combination of quantitative PCR and Western blotting.
METHODS

Clinical Investigations
Patients. Subjects included 79 patients with histologically confirmed hereditary pheochromocytoma, 47 with tumors associated with VHL syndrome (20 females, 27 males), and 32 with MEN 2 (19 females, 13 males). VHL patients had a mean (ϮSD) age of 32 Ϯ 14 yr (range 8 -63 yr) at the time of biochemical testing for tumors that were resected on average 3.4 mo after blood samples were collected for biochemical diagnosis. MEN 2 patients were aged 38 Ϯ 10 yr (range 17-57 yr) at the time of biochemical testing, which was carried out on average 2.2 mo before resection of tumors.
All MEN 2 patients and 44 of the 47 VHL patients had unilateral or bilateral adrenal tumors. Six VHL patients had extra-adrenal paragangliomas, including three who had both adrenal and extraadrenal tumors. All patients had family and medical histories consistent with their syndromes, which in MEN 2 patients included medullary thyroid carcinoma, hyperparathyroidism in several patients, and multiple mucosal neuromas in two patients with MEN type 2B. No VHL patient among the series presented with pheochromocytoma as the sole manifestation of the syndrome (i.e., VHL type 2C). All had some additional clinical stigmata consistent with VHL syndrome, including the presence of hemiangioblastomas of the central nervous system and retina, renal carcinomas, pancreatic tumors, and cysts. Diagnosis of VHL syndrome or MEN 2 was confirmed by identification of germ line mutations of the VHL tumor suppressor gene or the RET proto-oncogene. Locations of mutations were available in 46 of the 47 VHL patients and 26 of the 32 MEN 2 patients. Among the VHL patients, partial deletions of the VHL gene were present in two patients and missense mutations in the others. Among the MEN 2 patients, 17 of the germline mutations were located at codon 634, three were located at codon 631, two each were at codons 611 and 618, and one each was at codons 791 and 918, the latter in a patient with MEN 2B. Patients provided written, informed consent for studies that were approved by the institutional review boards or ethics committees at the centers where they participated (institutional review boards of the National Institute of Child Health and Human Development and National Cancer Institute at the National Institutes of Health and ethics committees at the University of Florence, Florence, Italy, and Radboud University Nijmegen Medical Center, Nijmegen, The Netherlands).
Collection of blood and urine samples. Blood samples were obtained from all patients, with an indwelling intravenous (iv) catheter inserted into a forearm vein, with patients supine for Ն20 min before blood collection. Samples of blood were transferred into tubes containing heparin as anticoagulant and immediately placed on ice until centrifuged (4°C) to separate the plasma. Plasma samples were stored at Ϫ80°C until assayed.
Twenty-four-hour urine samples were collected from 42 of the 47 VHL patients and 25 of the 32 MEN 2 patients. Samples were collected with 20 ml of 6 N hydrochloric acid as a preservative total urine volume was determined and aliquots kept at 4°C until assayed.
Glucagon provocation testing. Glucagon was administered as a 1-mg iv bolus to 25 of the 47 VHL patients and 14 of the 32 MEN 2 patients. Blood samples were obtained immediately before and 2-3 min after injection of glucagon with the use of an iv catheter inserted into a forearm vein. Patients were in the supine position throughout the procedure.
Surgical specimen collection. Samples of tumor tissue were obtained at surgery from 42 VHL patients and 32 MEN 2 patients. Extraneous tissue was removed, and the dimensions of tumors were recorded. The bulk of specimens were sent for formal pathological review, with smaller samples of each tumor divided into 10-to 50-mg pieces that were frozen on dry ice and stored at Ϫ80°C before further laboratory analyses, as described below.
Laboratory Analyses
Catecholamine determinations. Plasma, urine, and tissue concentrations of catecholamines (norepinephrine, epinephrine, and dopamine) were quantified by liquid chromatography with electrochemical detection (18) . Samples of tissue were weighed and homogenized in Ն5 vol of 0.4 M perchloric acid containing 0.5 mM EDTA. Homogenized samples were centrifuged (1,500 g for 15 min at 4°C) and supernatants collected and stored at Ϫ80°C until assayed. Concentrations of catecholamines were determined after extraction from plasma or perchloric acid tissue supernatants using alumina adsorption.
Microarray analyses. Gene expression profiling of pheochromocytoma tumor tissue samples was carried out using cDNA and oligonucleotide microarrays as described in detail elsewhere (6, 19) . The cDNA arrays utilized mRNA extracted from tumors of 12 patients with VHL syndrome and seven with MEN 2. Oligonucleotide arrays utilized tumor tissue samples from 11 VHL and 12 MEN 2 patients.
Proteomics. The proteomics platform used in this study has been described in detail elsewhere (38) . Protein extracts of tumor tissue samples from three MEN 2 and three VHL patients were pooled by group and digested with trypsin. Capillary isoelectric focusing was used to fractionate peptides. The fractions were further separated by nanoreverse-phase liquid chromatography. Chromatographic eluants were monitored using electrospray ionization-tandem mass spectrometry on a linear ion trap (ThermoFisher, Waltham, MA) to profile peptides. Protein identities were obtained by matching of peak list files to the human SwisProt sequence library with the NCBI Open Mass Spectrometry Search Algorithm database.
As described in our previous studies (5), the capillary isoelectric focusing-based proteome technology was combined with the spectral counting approach (29) for performing quantitative proteome analysis.
In this work, a spectral count was defined as the identification of a single peptide tandem mass spectrum. Additional identifications of the same peptide, e.g., via fragmentation of another charge state, were each counted as additional spectral counts.
Quantitative PCR. RNA was extracted from frozen samples of pheochromocytoma tissue after homogenization in TRIzol reagent (Invitrogen, Carlsbad, CA) followed by RNeasy Maxi (Qiagen, Valencia, CA). Total RNA (2 g) was reverse transcribed to cDNA using random hexamers. Quantitative PCR (TaqMan PCR), carried out using a 7000 Sequence Detector (Applied Biosystems, Foster City, CA), was used for quantification of mRNA for secretory pathway genes, as described previously (23) . The primers and TaqMan probes were provided as premade sets ordered through Applied Biosystems. 18S ribosomal RNA was used as a housekeeping gene. PCR amplifications of 18S ribosomal RNA and the genes of the secretory pathway were carried out in separated tubes. Reaction tubes contained 20 ng of cDNA product as template, 1ϫ TaqMan Universal PCR Master Mix, 1ϫ premade sets of primers, and TaqMan probes of the secretory pathway genes or 18S ribosomal RNA, all to a final volume of 50 l with H 2O. PCR involved 40 cycles at the following temperature parameters: 15 s at 95°C and 1 min at 60°C. Input RNA amounts were calculated manually using the comparative cycle threshold method for the target genes and 18S ribosomal RNA.
Western blot analysis. Tissue proteins (20 g) were separated by electrophoresis on polyacrylamide gels and transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA). Membranes were incubated in blocking buffers for 1 h at room temperature and then with primary antibodies overnight at 4°C at optimized dilutions (Table 1) . Membranes were washed three times for 10 min each with Tris-buffered saline (50 mM Tris, pH 7.4, 0.9% NaCl) containing 0.05% Tween-20 (TBS-T) and incubated with horseradish peroxidaseconjugated secondary antibodies. Membranes were then washed again three times for 10 min each with TBS-T. Target protein bands were visualized using the enhanced chemiluminescence method. Expression of pathway proteins in Western blots was assessed by densitometry using National Institutes of Health Image 1.62 software.
Data Analyses
Catecholamine secretion. Differences in plasma concentrations (nmol/l) or urinary outputs (mol/day) of catecholamines in patients with pheochromocytoma compared with median values in a reference population of subjects without the tumor provided estimates for the amounts of catecholamines in plasma or urine that were derived from tumors. Rates of catecholamine secretion from tumors into plasma were estimated using the formula S ϭ P ϫ C ϫ 1.44, where S is the rate of catecholamine secretion (mol/day), P is the plasma concentration of catecholamines derived from tumors (nmol/l), C is the circulatory clearance of catecholamines from plasma (l/min), and the constant, 1.44, was used to convert secretion rates of nmol/min to mol/day, the same units as for urine. The formula was based on that described elsewhere for the secretion of catecholamines into plasma from the sympathetic nerves or the adrenals (17) . A circulatory clearance of 2 l/min was assumed, based on our data published elsewhere (22) .
Rates of catecholamine secretion into plasma or excretion into urine (both in units of mol/day) were divided by estimates of tumor volume to normalize for differences in tumor size and derive final rates in units of mol ⅐ min Ϫ1 ⅐ cc 3 of tumor. Volumes of tumors (V) in cubic centimeters were estimated using the formula for the volume of a sphere, V ϭ 4/3 r 3 , where r, the radius in centimeters, was derived from estimated mean diameters (the latter calculated from the cubed roots of rectangular volumes).
Rate constants for catecholamine secretion into plasma or excretion into urine (day Ϫ1 ), representing the proportions of total catecholamines in a tumor secreted into plasma or excreted into urine over 1 day, were estimated by dividing rates of catecholamine secretion into plasma or excretion into urine (mol/day) by total tumor catecholamine contents (mol). Total tumor catecholamine contents were estimated from the product of tissue catecholamine concentrations and tumor mass (the latter derived from tumor volume, assuming a specific gravity of 1.0).
Microarray and proteomics. Data from cDNA and oligonucleotide microarray analyses and from the proteomics analysis were merged into a single FileMaker Pro database (Santa Clara, CA). This database included Gene Ontology function annotations with links to online databases (e.g., PubMed, Ensembl) to facilitate searches of relevant genes and proteins. Secretory pathway components within the database were identified using the search terms "catecholamine," "secretion," "exocytosis," "synapse," "granule," and "vesicle." The database was additionally searched for individual components that had known functions in secretory pathways or were established to be constituents of the synaptic vesicle proteome. Relevant information about the genes and corresponding proteins so identified was then transferred to an Excel spreadsheet for further sorting according to differences in expression by microarray or proteomics analyses. Sorting was based on a significant (P Ͻ 0.01) difference in gene expression by cDNA or oligonucleotide array analysis or a larger than threefold difference in spectral count strength by proteomics analysis. Further selection of catecholamine secretory pathway components for followup validation studies and inclusion in this report was based on searches of PubMed for articles supporting the role of identified components in secretory pathways.
Statistics. Differences in catecholamine secretion and expression of pathway components among the two groups of tumors were assessed by t-tests. Paired t-tests were used to assess changes in plasma concentrations of catecholamines after glucagon, with two-way repeated-measures analysis of variance used to assess differences in responses between groups. Relationships between variables were examined by linear regression analysis, with significance assessed using Pearson's correlation coefficient. Data were transformed to the base 10 logarithm before statistical analyses.
RESULTS
Catecholamine Secretion
Baseline secretion. Rates of catecholamine secretion from pheochromocytomas were considerably higher for tumors from VHL patients than from MEN 2 patients, as assessed from both plasma concentrations and urinary outputs of catecholamines, and also when normalized for differences in tumor volume or total tumor contents of catecholamines (Fig. 1) . Catecholamine secretion into plasma was 4.9-fold higher (P Ͻ 0.0001) for tumors from patients with VHL syndrome than in those from patients with MEN 2 (means Ϯ SE, 3.62 Ϯ 0.74 vs. 0.74 Ϯ 0.19 mol⅐day Ϫ1 ⅐ml Ϫ1 ). Urinary excretion of tumor-derived ). Rate constants for catecholamine secretion were 19.3-fold higher (P Ͻ 0.0001) for tumors from VHL patients than in those from MEN 2 patients (0.348 Ϯ 0.089 vs. 0.018 Ϯ 0.008 day Ϫ1 ) and indicated that 35% of the catecholamine contents of VHL tumors were secreted into plasma each day compared with only 1.8% for MEN 2 tumors (Fig. 1) . Rate constants for excretion of catecholamines into urine were similarly 21-fold higher (P Ͻ 0.0001) for tumors from VHL than from MEN 2 patients (0.0189 Ϯ 0.0040 vs. 0.0009 Ϯ 0.0002 day Ϫ1 ), indicating that 1.89% of the catecholamine contents of VHL tumors was excreted unchanged into urine each day compared with only 0.09% for MEN 2 tumors.
Rates of catecholamine excretion into urine were positively related (r ϭ 0.832, P Ͻ 0.0001) to rates of catecholamine secretion into plasma; similarly, rate constants for catecholamine excretion were strongly positively related (r ϭ 0.903, P Ͻ 0.0001) to rate constants of catecholamine secretion into plasma (data not shown). Rates of catecholamine secretion into plasma were much higher (P Ͻ 0.0001) than rates of catecholamine excretion into urine, indicating that only 5.8 -6.8% of the catecholamines secreted into plasma were extracted by the kidneys and excreted unchanged into urine.
Secretogogue-stimulated secretion. Intravenous administration of glucagon elicited distinctly divergent catecholamine secretory responses from pheochromocytomas in patients with MEN 2 compared with those with VHL syndrome (Fig. 2) . Although baseline plasma concentrations of norepinephrine were higher (P ϭ 0.018) in VHL patients than in MEN 2 patients, only MEN 2 patients showed a robust catecholamine secretory response to glucagon. Plasma concentrations of norepinephrine were increased threefold (P ϭ 0.0002) and epinephrine 10-fold (P Ͻ 0.0001) in MEN 2 patients, whereas plasma concentrations of norepinephrine were unchanged and epinephrine increased only twofold (P Ͻ 0.0001) in VHL patients. Analysis of variance confirmed that patients with pheochromocytomas associated with MEN 2 had much more robust responses to glucagon of both plasma norepinephrine (F ϭ 42.7, P Ͻ 0.0001) and epinephrine (F ϭ 30.5, P Ͻ 0.0001) than those with the tumor due to VHL syndrome.
Expression of Secretory Pathway Components
Microarray and proteomics. Data from oligonucleotide microarrays are available at the Gene Expression Omnibus (GEO) on-line public database (http://www.ncbi.nlm.nih.gov/geo/) using the GEO accession identifier GSE12642. The overall results for cDNA and oligonucleotide microarray analyses have been published elsewhere (6, 19) . Those previously reported results, however, do not include the details of the pathway components described here. The present analysis is restricted to components of secretory pathways selected according to the Gene Ontology search criteria and evidence for differential expression, as outlined in METHODS. This initial analysis yielded 1,400 components identified according to the search criteria, of which 356 showed evidence of differential expression, with these corresponding to 223 unique genes and corresponding proteins (this listing is available as Supplemental Table S1 ; Supplemental Material for this article is available at the AJPEndocrinology and Metabolism web site). Among these unique components, 123 showed evidence of higher expression in MEN 2 tumors than in VHL tumors, 72 showed lower expression in VHL than in MEN 2 tumors, and in 28 the evidence was unclear (as assessed from either or both the microarray and proteomics data). Forty-six of these components were further selected on the basis of a PubMed search, indicating functional roles in secretory pathways (Table 2) .
Among the identified components, there were six positive control pathway components previously established to show differential expression at both mRNA and protein levels ( Table  2 ). Phenylethanolamine N-methyltransferase was identified to be differentially expressed at a high level of significance by both cDNA and oligonucleotide arrays. The enzyme was also identified by proteomics analysis to show a 300-fold higher expression in MEN 2 than in VHL tumors, a result consistent with a previous study (21) . The 184-fold higher expression of neuropeptide Y protein and highly significant differences in neuropeptide Y gene expression by both cDNA and oligonucleotide arrays are also in agreement with previous data (13) . The smaller differences in expression at the protein level, but still significant differences by at least one of the two microarray analyses, for tyrosine hydroxylase, the sodium-dependent norepinephrine transporter, and chromogranin A and B are also in agreement with previously published data showing higher expression of these components in MEN 2 than in VHL tumors (7, 14, 21, 25) .
Among the other 40 selected components (Table 2) , most were identified on the basis of PubMed searches as established components of the exocytotic secretory machinery (e.g., rabphilin 3A), some were identified as participating in the modulation of these components (e.g., calmodulin 1 and 2), and others were identified as secretory granule constituents or involved in the processing of such constituents (e.g., proprotein convertase). Among the secretory pathway components showing differential expression by either or both microarray and proteomics analyses, most showed higher expression in MEN 2 than in VHL tumors. Twelve components were selected for confirmatory quantitative PCR or Western blot analyses. These components included rabphilin 3A, RAB 27B, annexin A7, calcium-dependent secretion activator, calmodulin 1 and 2, syntaphilin, synaptotagmin-like 2, synaptotagmin 1, synaptosomal-associated protein-25 (SNAP25), syntaxin 1B2, and unc-13 homolog B. Three other secretory pathway components (rabphilin 3A-like, synaptotagmin 5, and synaptotagmin 13) that showed no differences by microarray or proteomic analyses were also included in followup quantitative PCR analyses.
Quantitative PCR. Quantitative PCR confirmed the differences in expression indicated by microarray analyses in most but not every pathway component examined (Fig. 3) . Syntaxin 1B2 in particular showed much higher expression by quantitative PCR in MEN 2 tumors than in VHL tumors, whereas the data from the oligonucleotide array analysis suggested that expression at the mRNA level should have been higher in VHL than in MEN 2 tumors. Similar results were observed for SNAP25.
Among the secretory pathway genes examined for differences in expression by quantitative PCR, the vast majority showed higher expression in pheochromocytomas from MEN 2 patients than in tumors from VHL patients (Fig. 3) . Levels of SNAP25 mRNA were expressed in VHL tumors at only 26% (P ϭ 0.016) of the levels in MEN 2 tumors, syntaxin 1B2 mRNA at 7% (P ϭ 0.002), annexin A7 mRNA at 27% (P ϭ 0.021), rabphilin 3A mRNA at 2% (P Ͻ 0.0001), calciumdependent secretion activator mRNA at 6% (P ϭ 0.0009), calmodulin 1 mRNA at 34% (P ϭ 0.0014), calmodulin 2 mRNA at 18% (P ϭ 0.019), syntaphilin mRNA at 13% (P ϭ 0.0066), synaptotagmin 1 mRNA at 27% (P ϭ 0.026), and RAB27B mRNA at 26% (P ϭ 0.0025) of the levels in MEN 2 tumors. The mRNA for two other secretory pathway genes, synaptotagmin 5 and rabphilin 3A-like, showed 4.7-(P ϭ 0.012) and 4.5-fold (P ϭ 0.049) higher levels, respectively, in VHL than MEN 2 tumors. Several other secretory pathway genes examined by quantitative PCR, including unc-13 homolog B, synaptotagmin 13, and synaptotagmin-like 2, showed no differences in expression of mRNA between VHL and MEN 2 tumors (data not shown).
Levels of mRNA for SNAP25, annexin A7, rabphilin 3A, calcium-dependent secretion activator, calmodulin 1, synaptotagmin 1, and RAB27B showed significant (P Ͻ 0.05) negative relationships with rate constants for catecholamine secretion into plasma and excretion into urine (Table 3) . Thus, the higher the level of expression of the above secretory pathway genes, the smaller the proportion of tumor catecholamine contents secreted into the circulation or excreted into urine per unit of time. In contrast, expression of the synaptotagmin 5 mRNA showed significant (P Ͻ 0.05) positive relationships with rate constants for catecholamine secretion into plasma and excretion into urine (Table 3) such that higher gene expression was associated with a larger proportion of tumor catecholamine contents secreted into the circulation or excreted into urine per unit of time.
Western blots. Western blots indicated higher tumor tissue levels of protein for SNAP25, syntaxin 1, annexin A7, rabphilin 3A, calcium-dependent secretion activator, and calmodulin in MEN 2 than in VHL tumors (Fig. 4) .
Differences in Western blots were particularly striking for rabphilin 3A and the calcium-dependent secretion activator, with both showing absent expression in VHL tumors and strong expression in nearly all MEN 2 tumors examined by Western blot. The findings at the protein level of particularly marked differences for these two secretory pathway components were in agreement with findings at the mRNA level (Fig.  3) , where both components showed the most striking differences among all pathway components analyzed for differences in gene expression.
For the other proteins examined by Western blot (including SNAP25, syntaxin 1, annexin A7, and calmodulin 1), the differences in expression were more variable and less striking than for rabphilin 3A and the calcium-dependent secretion activator (Fig. 4) . Nevertheless, densitometry analysis indicated that SNAP25 was expressed in VHL tumors at 29% (P ϭ 0.029), annexin A7 at 30% (P ϭ 0.017), and calmodulin at 21% (P ϭ 0.004) of the levels in MEN 2 tumors. These differences were similar to those observed for expression of secretory pathway components at the mRNA level (Fig. 3) . Values for microarrays indicate levels of significance (P values) and relative directional signals (⌬) of components in multiple endocrine neoplasma type 2 (MEN 2) vs. von Hippel-Lindau (VHL) tumors (for either oligonucleotide or cDNA arrays). PMID, PubMed unique identifiers; VAMP, vesicle-associated membrane protein. Values for the proteomics analysis indicate ⌬ of components in MEN 2 vs. to VHL tumors. Signals Ͼ1 indicate higher expression in MEN 2 than in VHL tumors and Ͻ1 lower expression in MEN 2 than VHL tumors. PMID provide confirmatory references either for components with previously established higher expression in MEN 2 than VHL tumors (positive control pathway components) or that support inclusion in the selection as components of secretory pathways. *Component showing significant differences by both cDNA and oligonuclotide arrays; †components selected for followup quantitative PCR.
Densitometry analysis did not, however, reveal a significant difference in expression of syntaxin 1, which was largely due to a high level of protein expression in one particular VHL tumor (tumor 1 in Fig. 4) . That particular tumor also showed a higher level of expression of SNAP25 and annexin A7 than the other VHL tumors and the corresponding lowest rate constants for catecholamine secretion into plasma (k ϭ 0.079 vs. a mean of 0.247 day Ϫ1 for the other 6 VHL tumors). Similarly, one of the seven MEN 2 tumors (tumor 6) showed much lower expression of SNAP25 and syntaxin 1 than the other MEN 2 tumors. That tumor also had the correspondingly highest rate constant for catecholamine secretion into plasma compared with the other MEN 2 tumors (0.232 compared with a mean of 0.007 day Ϫ1 for the other MEN 2 tumors). The above reciprocal relationships between catecholamine secretion and expression of secretory pathway components for tumors from individual patients with MEN 2 and VHL were Fig. 3 . Relative levels of mRNA expression in VHL-and MEN 2 associated pheochromocytomas for synaptosomal-associated protein 25 (SNAP25), syntaxin 1B2 (STX1B2), annexin A7 (ANXA7), rabphilin 3A (RPH3A), calciumdependent secretion activator (CADPS), calmodulin 1 (CALM1), calmodulin 2 (CALM2), syntaphilin (SNPH), synaptotagmin 1 (SYT1), RAB27B, synaptotagmin 5 (SYT5), and rabphilin 3A-like (RPH3AL). Results are shown as means Ϯ SE for data derived from 8 to 11 MEN 2 tumors and 9 to 17 VHL tumors. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001, higher expression in tumors from MEN 2 than from VHL patients. † P Ͻ 0.05, lower expression in tumors from MEN 2 than from VHL patients. mirrored by negative relationships between rate constants for catecholamine secretion into plasma and expression of SNAP25 (r ϭ 0.71, P ϭ 0.005), syntaxin 1 (r ϭ 0.63, P ϭ 0.016), annexin A7 (r ϭ 0.62, P ϭ 0.017), and calmodulin (r ϭ 0.77, P ϭ 0.002) for the data from all 14 tumors examined by densitometry analysis of Western blots (Fig. 5 ). There were also similarly significant negative relationships between rate constants for catecholamine excretion into urine and expression of SNAP25 (r ϭ 0.57, P ϭ 0.032), syntaxin 1 (r ϭ 0.66, P ϭ 0.011), annexin A7 (r ϭ 0.71, P ϭ 0.005), and calmodulin (r ϭ 0.73, P ϭ 0.004) examined by densitometry analysis of Western blots (data not shown).
DISCUSSION
Considerable progress has been made over the past decade in identifying various components of secretory pathways at the molecular level and elucidating their functions in exocytosis. The present report shows how this newfound knowledge can be utilized to understand pathological processes involving deregulated secretion of neurotransmitters and hormones and how these processes can contribute to the clinical presentation of a disease. More specifically, the data presented here establish mutation-dependent differences in expression of secretory pathway components in two types of neuroendocrine tumors characterized by differences in the nature of hormonal secretion and the subsequent presentation of related signs and symptoms.
We have previously established that pheochromocytomas in MEN 2 and in VHL syndrome exhibit highly distinct gene expression profiles (19) . VHL tumors show activation of hypoxia-angiogenic signaling pathways, but compared with MEN 2, tumors show reduced expression of numerous components associated with catecholamine-related pathways. In particular, MEN 2 tumors express phenylethanolamine N-methyltransferase, the enzyme that converts norepinephrine to epinephrine, whereas VHL tumors do not (21) . Subsequent differences in the relative amounts of norepinephrine and epinephrine produced by the two types of tumors and differing potencies of the two catecholamines on ␣-and ␤-adrenoceptors have been proposed to account for the more symptomatic nature of pheochromocytomas in MEN 2 than in VHL syndrome (21) . This suggestion is in agreement with previous observations that certain signs and symptoms such as palpitations, anxiety, tremor, dyspnea, hyperglycemia, and paroxysmal hypertension are more common in patients with tumors producing epinephrine than in those that do not (3, 26, 27) .
Here we establish additional differences in the nature of catecholamine secretion that likely also contribute to the more paroxysmal nature of hypertension in patients with tumors associated with MEN 2 than with VHL syndrome. More specifically, the low rates of basal catecholamine secretion in MEN 2 tumors and heightened responsiveness of these tumors to the secretogogue glucagon demonstrate the capacity of these tumors to secrete catecholamines in paroxysmal bursts compared with the more secretogogue-insensitive but sustained nature of secretion from tumors in VHL patients.
The smaller size of catecholamine stores and more rapid secretion-dependent turnover of these stores in VHL-related tumors than in MEN 2 tumors are findings consistent with the original observations by Crout and Sjoerdsma (15) many years ago that those tumors with larger stores of catecholamines produced smaller increases in urinary catecholamines than tumors with smaller stores. More importantly, the former tumors were more often characterized by increases in both epinephrine and norepinephrine, whereas the tumors with smaller stores but larger increases in urinary catecholamines invariably secreted only norepinephrine.
The generally lower expression of secretory pathway components but higher rate constants for catecholamine secretion Fig. 5 . Relationships between rate constants for catecholamine secretion into plasma and expression of SNAP25, STX1, and ANXA7 for pheochromocytomas associated with VHL syndrome (F) and MEN 2 (E). Expression of all 3 proteins was assessed from densitometry measurements of Western blots (Fig. 4) .
in VHL than in MEN 2 tumors may seem counterintuitive but are in fact findings consistent with evolving concepts concerning the functions of constitutive and regulated secretory pathways (11, 28, 40) . Regulated secretory pathways provide a means for selective sorting, processing, and storage of peptide and amine secretory products into synaptic vesicles or secretory granules available for calcium-dependent exocytotic release in response to specific triggering signals (Fig. 6) . In order for these secretory products to be released strictly on demand, they must not enter the constitutive secretory pathway. The latter pathway is ubiquitous to all cells and functions to continuously replenish the cell membrane and provide constituents for the extracellular space. However, the constitutive pathway may also contribute to the spontaneous release of secretory products otherwise largely confined to the regulated pathway.
In highly differentiated secretory cells, such as chromaffin cells of the adrenal medulla, the synthesis, processing, and sorting of secretory products into the appropriate regulated exocytotic secretory vesicles is achieved through tightly controlled and coordinated expression of numerous pathway components (Fig. 6 ). Secretory vesicles in this pathway undergo maturation through several steps, including fusion with other vesicles, removal of missorted material via budding, and sorting into different storage pools. Some of these pools are readily releasable, whereas others require a recruitment step before fusion at the cell membrane is possible. The generally lower expression of secretory pathway components in VHL than in MEN 2 tumors, including components necessary for synthesis of catecholamines, suggests a less mature chromaffin cell phenotype in VHL than in MEN 2 tumors. Presumably, the poorly differentiated secretory controls associated with the immature phenotype in VHL tumors result in less tightly regulated secretion of catecholamines as either a consequence of the channeling of these secretory products into the constitutive secretory pathway or their sorting into storage pools of catecholamines more readily released by spontaneous exocytosis than those in more fully differentiated chromaffin cells.
The above explanation of how lowered expression of regulated secretory pathway components in VHL tumors can lead to an increase in spontaneous secretion yet make the state of heightened secretion less responsive to secretogogues is in agreement with other observations in rat pheochromocytoma (PC12) cells infected with the repressor element 1-silencing transcription (REST) factor (9, 16, 36) . This critical regulator of the neurosecretory phenotype reduces expression of numerous components of the regulated secretory pathway, including SNAP25, rabphilin 3A, chromogranin A, and chromogranin B (9). As we show here, expression of all four of these components is lower in VHL tumors than in MEN 2 tumors. Further- Fig. 6 . Schematic model illustrating constitutive vs. regulated secretory pathways (A), with B and C indicating magnifications of secretory granules to illustrate the catecholamine biosynthetic pathway (B) and the catecholamine-regulated secretory pathway (C). For most definitions of abbreviations, see Table 2 . TYR, tyrosine; DOPA, dihydroxyphenylalanine; DA, dopamine; NE, norepinephrine; EPI, epinephrine; AADC, aromatic amino acid decarboxylase; NET, norepinephrine transporter; VAMP, vesicleassociated membrane protein; SCAMP, secretory carrier membrane protein; PNMT, phenylethanolamine N-methyltransferase; DBH, dopamine ␤-hydroxylase.
more, there are numerous other genes with lower expression in VHL tumors than in MEN 2 tumors (e.g., annexin A7, calciumdependent secretion activator, syntaphilin, N-ethylmaleimide-sensitive factor) that also harbor REST-binding sites (8, 34) .
In addition to suppressed expression of numerous regulated secretory pathway components, overexpression of REST in PC12 cells increases spontaneous secretion of catecholamines but completely blocks stimulated secretion (9) . REST-infected cells also have fewer and smaller secretory granules, with granules often surrounded by a clear halo (9, 16) . These findings in PC12 cells overexpressing or infected with REST show remarkable similarities to the phenotypic features of VHL-associated pheochromocytomas. As shown here, tumors in VHL patients exhibit higher rates of spontaneous catecholamine secretion but are unresponsive to stimulated secretion. As we have shown elsewhere, VHL tumors are also characterized by lowered stores of catecholamines and fewer secretory vesicles, many of which include a clear halo surrounding a granule core and some of which appear to be empty without any granules (21, 25) .
Further support for an overall restraining influence of regulated secretory pathway components on spontaneous catecholamine secretion in pheochromocytomas is provided by the negative relationships between rate constants of basal catecholamine secretion and the expression of individual secretory pathway components at both mRNA and protein levels. Together, these data and the considerations outlined above provide compelling evidence that differences in the nature of catecholamine secretion in hereditary pheochromocytomas reflect differences in expression of secretory pathway components.
It remains unclear how the underlying mutations lead to differences in expression of secretory pathway components, but it is tempting to speculate that the mechanism might involve REST. At the other functional end, the exact mechanism of how differences in secretory pathway components can have opposing influences on spontaneous and evoked secretion is also unclear. The difficulty here is compounded by involvement of many of the same exocytotic machinery components in different secretory pathways. Nevertheless, there are some components required for one pathway and not others. For example, ablation of SNAP25 abolishes evoked neurosecretion but has little influence on spontaneous secretion, whereas deletion of syntaxin results in a complete lethal block in both spontaneous and evoked secretion (39) .
By translational links explaining how mutation-dependent differences in hormonal secretion and presentation of a disease may relate to differences in the expression of secretory pathway components, the present data lend clinical relevance to a large body of work directed at characterizing the molecular machinery responsible for exocytosis. Our findings in pheochromocytoma offer a unique clinical perspective for understanding the functions of secretory pathway components. The insight derived from these rare but highly dangerous tumors may have further relevance to other clinical conditions featuring disordered secretion of neurotransmitters and hormones, including more common disorders such as essential hypertension where abnormal release of norepinephrine from sympathetic nerves has long been recognized as a contributing factor but where the responsible mechanisms have yet to be clarified.
